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Abstract 
 
Interspecific hybridization can induce extensive variation in genome sequences, including simple sequence repeat (SSR) regions. To 
determine the characteristics of SSR variation induced by interspecific hybridization and the possible effect of SSR variation on gene 
function, we constructed a Brassica napus doubled-haploid (DH) population from a cross between natural B. napus and 
resynthesized B. napus (B. oleracea × B. rapa) and identified, located, sequenced and functionally annotated SSR variants. The 
results showed that novel SSR variants were generated in the F1 generation and maintained in the introgressed DH population. 
Elimination of sequences carrying SSRs also occurred in the F1 hybrids, with three times as many sequences lost in the introgressed 
DH population compared to in the F1 hybrids, probably due to non-homologous recombination. The degree of SSR variation 
observed depended primarily on the number of SSR repeats and secondarily on the nucleotide composition of the SSR motifs. In the 
introgressed DH population, many genes containing SSRs exhibited frameshift mutations (62.5%) due to the expansion or 
contraction of the SSR motifs following deletion (25%) or insertion (12.5%) mutations. Most genes harboring SSR variants were 
associated with vital metabolic processes, such as protein or DNA metabolic processes. The SSR variation induced by interspecific 
hybridization reflects an intrinsic property of species adaptability post-hybridization through variation. This study is beneficial to 
understanding the origin of SSRs and the effects of SSR mutation on polyploid genomes. 
 
Keywords: Brassica napus, Interspecific hybridization, Simple sequence repeats (SSRs), SSR variation, Functional annotation. 
 
Abbreviation: SSR_Simple sequence repeat, DH_double haploid, E type_elimination type bands or fragments, N type_novel type 
bands or fragments, P type_parental type bands or fragments. 
 
Introduction 
 
Simple sequence repeats (SSRs), also called short tandem 
repeats, variable number tandem repeats, or microsatellites, 
comprise 1.0% of prokaryote genomes and more than 3.0% of 
eukaryote genomes (Morgante et al., 2002; Rahim, 2008; 
Subramanian et al., 2003 ). SSRs have been developed into 
stable and widely used PCR-based molecular markers (Dai et 
al., 2013; Fajolu et al., 2013; Huang et al., 2012; Kantartzi et al., 
2009; Lawson and Zhang, 2006; Parida et al., 2009; Parida et 
al., 2010; Park et al., 2009; Sun et al., 2013; Wang et al., 2009). 
The distribution of SSRs in genomes is nonrandom (Huang et 
al., 2012; Labbe et al., 2011; Lawson and Zhang, 2006). In 
plant genomes, SSRs are situated preferentially in repetitive 
DNA regions (Morgante et al., 2002), such as centromeres 
(Cuadrado et al., 2008), and peri-centromeric heterochromatin 
SSRs are mostly associated with retrotransposons (Hong et al., 
2007). In Brassica rapa, SSRs are also preferentially associated 
with gene-rich regions, but very few are located in coding 
regions (Hong et al., 2007). The number of SSRs in 5' 
untranslated regions (UTRs) is higher than that in 3' UTRs, 
exons, and introns in the genomes of Arabidopsis thaliana, 
Oryza sativa L. (Castillo et al., 2008; Hong et al., 2007; Parida 
et al., 2009), and Triticeae species (Cuadrado et al., 2008).  
Allelic differences among SSRs predominantly involve 
variation in repeat numbers, but they can also involve 
variations in the length of the motif or in the flanking 
sequences of repeat units (Masters et al., 2010). The mutation 
rate per generation for SSR sequences has been estimated to be 
7.7 × 10-4 per allele per generation for dinucleotide repeat 
motifs in maize (Vigouroux et al., 2002) and 2.03 × 10-3 per 
allele per generation for AT dinucleotide motifs in A. thaliana 
(Marriage et al., 2009). The SSR mutation rate is 100 to 10 000 
times higher than the rate of base pair substitutions (Vigouroux 
et al., 2002) and 10 to 100 times higher than that of frameshift 
mutations within coding sequences (Eckert and Hile, 2009). 
Therefore, SSRs can be said to be a type of hypervariable 
sequence in genomes. 
  Organisms can balance the expansion of short SSRs and 
contraction of long SSRs to avoid infinite growth of these repeats 
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Table 1. Correlations between repeat number, size of motif, total SSR length and frequency of SSR variants in an introgressed DH 
population of B. napus. 
 Repeat number Size of motif 
Size of motif -0.5080 (P < 0.0001)  
Total SSR length   -0.0446 (P = 0.5345) 
Frequency of SSRs  -0.4292 (P = 0.0127) 
Note: This correlation analysis was based on a linear model. For each particular SSR variant, its corresponding repeat number, size of 
motif, total length and total number was collected to become a data array for the correlation analysis.  
 
(Ellegren, 2000). There are several major factors that restrict or 
promote SSR expansion. Malfunction of DNA mismatch repair 
genes is associated with a loss of the ability of cells to detect 
and repair mutated SSRs (Golubov et al., 2010; Leung et al., 
1998; Liu et al., 2000; Shin et al., 2002; Sol Mateo et al., 
1998). Radioactive induction can lead to the gain or loss of a 
large number of repeat units and even the complete 
disappearance of DNA sequences (Kovalchuk et al., 2003). 
Interspecific hybridization is also a potential stressor that can 
induce SSR variation (Tang et al., 2008; Tang et al., 2009). 
After interspecific hybridization between wheat and rye, 
numerous SSR sequences were found to be eliminated and 
some novel SSR sequences appeared (Tang et al., 2008; Tang 
et al., 2009). In S5 lines of artificial B. napus derived from B. 
rapa and B. oleracea, most SSR markers were found to be 
altered relative to the parental lines (Gaeta and Chris Pires, 
2010).  
Most SSRs found in expressed sequence tags (ESTs) from 
pepper, peanut, wheat, barley, and yam crops are involved in 
gene regulation or expression (Castillo et al., 2008; Huang et al., 
2012; Narina et al., 2011; Salmon et al., 2010; Wang et al., 
2007). Whereas variation in SSRs can cause diseases in 
animals and humans (Eckert and Hile, 2009; Freimer and 
Slatkin, 1996; Liu et al., 2000; Shin et al., 2002; Shin et al., 
2007), SSR variation provides the capacity to adapt to 
environmental change in bacterial species (Moxon and Wills, 
1999) and many eukaryotic genomes (Kashi and King, 2006). 
However, the effect of SSR variation on gene function in plants 
has rarely been reported.  
In order to determine the characteristics and regularity of 
SSR variation induced by interspecific hybridization, and the 
possible effect of SSR variation on gene function, we 
constructed a doubled-haploid (DH) population from a cross 
between natural B. napus (AACC, 2n=4X=38) and 
resynthesized B. napus (derived from interspecific 
hybridization between B. rapa (AA, 2n=2x=20) and B. 
oleracea (CC, 2n=2x=18)), hereafter referred to as the 
introgressed DH population. In this population, we detected a 
large number of SSR variants: appearance of novel SSR bands 
and elimination of parental SSR bands. We sequenced these 
identified SSR variants and analyzed the patterns of mutation, 
the frequency at which the SSRs mutated, the chromosomal 
localization of the SSRs, and the putative impact of these 
variants on the genome.   
 
Results 
 
Distribution of fragments harboring SSR variants in the 
introgressed DH population  
 
“Parental” bands were present in the parent generation and in 
subsequent generations, whereas “abnormal” bands were either 
monomorphic between the parent lines but eliminated in 
subsequent generations (“eliminated” bands) or not present in 
the parent generation but present in subsequent generations 
(“novel” bands) (Fig 1). In the introgressed DH population, 
15.4% (219) of the total bands (1420) amplified by 647 primer  
 
 
Fig 1. Novel and eliminated bands amplified by A125 primer 
pairs in an introgressed DH population of B. napus. Vertical 
arrows indicate eliminated bands (present in parents and some 
DH lines but absent in other DH lines). Horizontal arrows 
indicate novel bands (absent in the parents but present in some 
DH lines). 
 
 
pairs were abnormal bands. All plants in the introgressed DH 
population produced abnormal bands, with a range of 1 - 55 
novel bands and a range of 1 - 92 eliminated bands per plant 
(Fig 2). Detailed information for 430 bands produced by the 47 
primer pairs generating at least one abnormal band in the 
introgressed DH population is presented in Supplementary 
Table 1. The frequency of eliminated bands was five times 
higher than that of novel bands. There were no significant 
differences (F = 0.85, P = 6386) between the frequency of 
abnormal bands amplified by ‘H’ type primers, ‘Cen’ type  
primers, ‘A’ type primers and ‘Y’ type primers (as described in 
the material and method section), demonstrating that the 
variation of the bands amplified by these primers did not vary 
by primer resource origin.  
In the F1 hybrids used to generate the introgressed DH 
population, 29 primer pairs (4.5% out of 647 primer pairs) 
presented with abnormal bands. These 29 primers amplified a 
total of 339 bands, including 270 parental bands (79.7%), 27 
novel bands (8.0%) and 42 eliminated bands (12.8%). Thus, the 
proportion of novel bands generated in the F1 hybrids was the 
same as that in the introgressed DH population (8.0% vs. 
8.1%), while the ratio of eliminated bands in the introgressed 
DH population was three times higher than that in the F1 
hybrids (42.8% vs. 12.8%).  
 
Chromosomal localization of fragments harboring SSR 
variants 
  
Bands in the introgressed DH population amplified by 39 
primer pairs (83.0% of the 47 primer pairs) could be mapped 
on to B. rapa (Fig 3a) or B. oleracea (Fig 3b) chromosomes. 
Analysis of the chromosomal localization of the variant 
sequences in the introgressed DH population revealed that the 
distribution of these fragments on chromosomes of B. rapa and 
B. oleracea was uneven. A total of 194 out of the 264 bands 
were mapped (73.5%): 142 bands onto chromosomes of B. 
rapa (53.8%) and 52 bands (19.7%) onto chromosomes of B. 
oleracea.  
The most novel fragments were located on A1 (5.7% of all 
mapped bands), A3 (3.1%), and A9 (2.6%). The most 
eliminated fragments were mapped to A7 (12.4% of total mapped  
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Table 2. Comparative analysis of parental, novel, and eliminated fragments of mutated SSRs detected in an introgressed DH 
population of B. napus.  
Motif  
type a) 
Motif No. 
E-motifs 
No. 
N-motif 
No. 
A-motif 
No. 
P-motif 
Total 
no. 
motifs 
Percentage 
of total 
fragments  
Mono-nucleotide 
A 4 0 4 0 4 2.1 
T 4 6 10 1 11 5.7 
Di-nucleotide 
AC 1 0 1 0 1 0.5 
AG 11 2 13 8 21 10.9 
AT 18 2 20 2 22 11.5 
CT 7 0 7 0 7 3.6 
GA 8  8 1 9 4.7 
TA 12 2 14 4 18 9.4 
TC 5 0 5 0 5 2.6 
TG 3 0 3 0 3 1.6 
Tri-nucleotide 
ACA 1 0 1 0 1 0.5 
AGA 4 0 4 1 5 2.6 
ATG 3 0 3 0 3 1.6 
CAT 4 0 4 0 4 2.1 
CTC 3 0 3 0 3 1.6 
GAA 3 0 3 0 3 1.6 
GAT 2 4 6 6 12 6.3 
GGA 1 0 1 0 1 0.5 
GTG 3 0 3 0 3 1.6 
TAA 3 0 3 0 3 1.6 
TAT 3 0 3 0 3 1.6 
TGA 14 0 14 0 14 7.3 
TTA 1 0 1 0 1 0.5 
Tetra-nucleotide 
AAAT 1 4 5 3 8 4.2 
AAGA 1 4 5 3 8 4.2 
ATAA 1 0 1 0 1 0.5 
TGAT 1 4 5 6 10 5.2 
Penta-nucleotide 
CAAAT 1 0 1 0 1 0.5 
GTCTG 1 0 1 0 1 0.5 
TCCCT 1 0 1 0 1 0.5 
TGGTC 1 0 1 0 1 0.5 
TGGTT 3 0 3 0 3 1.6 
TTGAT 1 0 1 0 1 0.5 
Total no. 
fragments 
- 130 28 158 35 192 - 
Percentage (%) - 67.7 14.6 82.3 18.2 - - 
a) SSR mutation type. E-motif denotes the number of motifs in eliminated bands. N-motif refers to the number of motifs in novel 
fragments. A-motif refers to the number of motifs in abnormal fragments (the total number of E and N motifs). P-motif refers to 
the number of motifs in parental fragments. 
 
bands), A9 (7.7%), and A1 (6.2%). Of the 52 mapped bands in 
the B. oleracea genome, none were novel bands, and the largest 
proportion of eliminated bands was located on linkage group 
C1 (6.7%), followed by C2 (5.7%), and C3 (3.6%). A single 
locus producing SSR variants in different plants of the 
introgressed DH population was categorized as a simple 
mutation locus. A total of 194 SSR variants were assigned to 
71 simple mutation loci. One mutation cluster where all 
variants occurred together in a single chromosomal region was  
 
determined to be a single mutation event. In other words, the 
occurrence of one mutation event was predicted to lead to the 
generation of multiple linked SSR variants. Of the 71 simple 
mutation loci, 42 could be attributed to 27 mutation events 
(mutation clusters). In particular, one of the mutation events 
resulted in the emergence of 17 SSR loci variants on 
chromosome A1 of B. rapa (Fig 3a). In addition, six SSR 
variants could be attributed to a single mutation event on 
chromosome C2 of B. oleracea (Fig 3b).  
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Table 3. Nucleotide composition and 2-mer frequency in SSR flanking regions and SSR regions of natural and induced SSR 
fragments detected in an introgressed DH population of B. napus. 
Nucleotide frequencies Regions (Frequency ± SD） 
Nucleotide composition Flanking SSR 
T(U)% 29.4 ± 5.3 33.0 ± 18.5 
C 18.1 ± 4.0 2.9 ± 5.0 
A 30.3 ± 4.9 41.4 ± 14.6 
G 22.3 ± 5.1 22.7 ± 18.1 
A&T 59.7 74.4 
G&C 40.3 25.6 
2-mer frequency   
si a) 7.8 ± 7.8 1.1 ± 1.7 
sv b) 9.0 ± 9.7 1.8 ± 3.1 
R 1.4 ± 1.5 0.7 ± 1.2 
TT 46.2 ± 24.2 8.0 ± 7.0 
AA 48.7 ± 27.4 10.5 ± 9.0 
CC 26.8 ± 12.8 0.4 ± 0.8 
GG 33.7 ± 16.4 6.3 ± 8.5 
GC 0.8 ± 1.0 0.1 ± 0.3 
TC 1.8 ± 2.1 0.2 ± 0.4 
TA 1.8 ± 1.6 0.4 ± 0.7 
TG 1.2± 1.5 0.3 ± 0.8 
CT 1.8 ± 2.5 0.3 ± 0.7 
CA 1.0 ± 1.2 0.2 ± 0.5 
CG 0.8 ± 1.1 0.1 ± 0.2 
AT 1.7 ± 2.1 0.4 ± 0.7 
AC 1.1 ± 1.4 0.3 ± 0.7 
AG 2.0 ± 2.2 0.5 ± 1.2 
GT 1.0 ± 1.3 0.2 ± 0.5 
GA 2.0 ± 2.3 0.3 ± 0.4 
Total 171.9 ± 68.7 28.2 ± 19.9 
The software MEGA 4 (Tamura et al. 2007) was used to detect the nucleotide composition of the fragments and transversion and 
transition ratios. a) si = Transitional Pairs. Transitions are interchanges within the purines (A and G) or pyrimidines (C and T). b) sv = 
Transversional Pairs. Transversions are interchanges between the purines (A or G) and pyrimidines (C or T). Transition mutations 
generated at higher frequency than transversions but are less likely to result in amino acid substitutions. Therefore, a higher sv 
indicates a higher possibility of an exchange in amino acid. 
 
Dissection of SSR variants in the introgressed DH population 
 
A total of 155 SSR variants that corresponded to 264 
sequenced bands were detected: 116 perfect SSRs and 39 
compound SSRs (≥ 2 motif compositions). One hundred and 
eleven SSRs with 41 different motifs were identified among the 
eliminated bands, whereas 20 SSR variants with eight different 
motifs were identified among the novel bands.  
A total of 35 novel identified SSR fragments amplified by 
nine SSR primer pairs in the introgressed DH population were 
sequenced. We found that 23 (66%) of these novel fragments 
exhibited repeat number variation, 24% showed transition or 
transversion of the SSR motifs, and 10% displayed expansion 
or deletion of the flanking sequences of the repeat (see 
Supplementary Table 2 for details). For example, the SSR 
primer pair A125 gave rise to two parental bands (No. 1 and 
No. 3) and one novel band (No. 2) (Fig 4).  
The highest frequency SSR variant motifs in the introgressed 
DH population were T (5.7%), AT (11.5%), AG (10.9%), TA  
 
 
Fig 2. Frequency of plants with novel bands or eliminated 
bands present in an introgressed DH population of B. napus. 
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Table 4. DNA sequence diversity (± SD a) in both SSR regions and flanking regions of fragments subject to natural variation or 
induced variation in an introgressed DH population of B. napus. 
Regions Nucleotide 
Diversity 
θ (per site) from 
η b) 
Average number of 
nucleotide differences 
Flanking; induced group 0.01 ± 0.01 0.01 ± 0.01 1.32 ± 1.13 
Flanking; natural group 0.14 ± 0.16 0.16 ± 0.18 12.96 ± 13.35 
SSR; induced group 0.01 ± 0.03 0.01 ± 0.03 0.4 ± 1.06 
SSR; natural group 0.11 ± 0.11 0.11 ± 0.10 3.24 ± 5.38 
a) SD= standard deviation. b) Eta (η) is the total number of mutations. Theta (θ) is Watterson's estimator of nucleotide diversity per 
site or per gene (based on Eta) and used as an index of evaluating mutability per site or per gene. 
 
 
Fig 3. Localization of mutated fragments in an introgressed DH population mapped onto (a) B. rapa (2n=20) and (b) B. oleracea 
chromosomes (2n=18). The red, blue, and black symbols denote the eliminated fragments (E), novel fragments (N), and parental 
fragments (P), respectively. There are no parental or abnormal bands mapped onto A8 linkage group of B. rapa. 
 
(9.4%), TGA (7.3%), GAT (6.3%), TGAT (5.2%), AAGA 
(4.2%) and AAAT (4.2%). The number of repeats of a given 
motif varied from 3 to 35, with a mode of 3 to 4. A significant 
negative correlation was observed between the number of 
repeats and the size of the motif (Table 1; r2 = -0.5080, P < 
0.0001). A negative correlation was also detected between size 
of the motif and the frequency of SSR variants (r2 = -0.4292, P 
= 0.0127). Total SSR variant lengths ranged from 10 to 70 bp, 
with the highest frequency SSRs 12 bp long (44 variants). Long 
SSRs were rare (Fig 5), demonstrating that SSR variation was 
induced within a narrow range of SSR lengths.  
SSRs with mononucleotide, dinucleotide, or trinucleotide 
motifs tended to vary in terms of the number of repeats; 
whereas for SSRs that contained tetranucleotide or 
pentanucleotide motifs, the flanking sequences and motif 
composition showed more variation. SSRs that contained 
dinucleotide motifs were most readily mutated, followed by 
SSRs with trinucleotide motifs and mononucleotide motifs (F = 
5.91, P < 0.0001). A greater number of SSRs with dinucleotide 
or trinucleotide motifs were present in the parental species but 
disappeared in the DH lines than SSRs with other motifs. For 
SSRs with mononucleotide motifs, T was mutated more 
frequently than A, and no poly-C/G SSRs were mutated. 
Among dinucleotide-motif SSRs, SSRs that contained the AT 
motif were mutated the most frequently, followed by those that 
comprised TA and AG motifs. SSRs with A/T-rich 
tetranucleotide motifs generated novel SSRs readily, but 
G/C-rich pentanucleotide SSRs did not. These results indicated 
that SSRs with A/T-rich motifs mutated more readily than G/C-  
 
 
Fig 4. Patterns of SSR variants in an introgressed population 
and its parent Brassica species. The figure shows the two 
parental bands (No. 1 and No. 3) and a single novel band (No. 
2) that were amplified by SSR primer pair A125 in line DH98. 
The results indicate that variation occurred not only in the 
number of repeat units but also within the flanking sequences.  
 
 
type SSRs (Table 2). Overall, the degree of SSR variation 
depended primarily on variation in repeat number and in the 
nucleotide composition of the SSR motifs, whereas the flanking 
regions of the SSRs were relatively conserved.  
 
Comparing natural SSR variants with induced SSR variants 
 
To analyze the difference between natural SSR variants and 
induced SSR variants, we defined discrepancies between 
parental fragments that were amplified by a single primer pair  
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Table 5. Indel diversity (± SD a) in both SSR regions and flanking regions of fragments subject to natural variation or induced 
variation in an introgressed DH population of B. napus 
Regions Total Indel 
events 
Average indel 
length 
Indel 
Diversity 
Theta per sequenceb) 
Flanking; induced group 
0.41 ± 0.59 44.56 ± 13.96 1.13 ± 0.35 1.13 ± 0.35 
Flanking; natural group 
2.69 ± 3.18 8.38 ± 8.75 2.05 ± 1.78 0.88 ± 1.63 
SSR; induced group 0.86 ± 0.36 7.50 ± 6.02 1.00 ± 0.00 1.00 ± 0.00 
SSR; natural group 1.50 ± 1.02 5.35 ± 3.78 1.39 ± 0.96 1.16 ± 0.77 
a) SD= standard deviation. b) Eta (η) is the total number of mutations. Theta (θ) is Watterson's estimator of nucleotide diversity per 
site or per gene (based on Eta) and used as an index of evaluating mutability per site or per gene. 
 
as natural SSR variants, and novel and eliminated fragments 
amplified by a single primer pair as induced SSR variants. We 
then calculated the composition and nucleotide pair frequencies 
of the SSRs and flanking regions for both the natural and 
induced fragment variants (Table 3). Composition analysis 
showed that the C/G content was higher in the flanking regions 
(40.3%) than in the SSR regions (25.6%) for both natural and 
induced fragments. The analysis of nucleotide 2-mer 
frequencies revealed a bias towards AA and TT in both the 
SSR motifs (10.5% AA and 8.0% TT) and the flanking regions 
(46.2% AA and 48.7% TT) for both natural and induced 
fragments (Table 3). Higher nucleotide diversity was detected 
in the flanking regions (mean value 1.7) than in the SSR 
regions (mean value 1.2). The calculated R 
(transition/transversion) value for transitional and 
transversional biases was lower in SSR regions (0.74 ± 1.16) 
than in flanking regions (1.38 ± 1.53), whereas the frequency of 
nucleotide mutation was higher in SSR regions than in flanking 
regions.  
The nucleotide diversity of natural variants was higher than 
that of induced variants in both SSR motifs and flanking 
regions (Table 4). Indel (insertion and deletion) numbers and 
Indel diversity were also higher in both SSR regions and 
flanking regions of natural variants than in induced variants. 
However, the average Indel length within SSR regions was 
greater in induced variants than in natural variants (7.50 ± 0.62 
vs. 5.35 ± 3.78). In flanking regions, the difference was even 
more striking: the average length of Indels in areas subject to 
induced variation was four times greater than in areas with 
natural SSR variants (44.56 ± 13.96 vs. 8.38 ± 8.75) (Table 5). 
The mean genetic distance of the natural variants group was 
greater than that of the induced variants group with respect to 
both SSR motifs and flanking regions (Table 6). The diversity 
of the fragments containing SSR motifs was higher than that of 
the flanking regions in both the natural variants group and the 
induced variants group. Thus, it can be seen that hybridization 
induced a more marked degree of variation than natural 
pressure, but the number and frequency of the incidences of 
variation accumulation were greater under natural pressure. 
 
Functional annotation of mutated fragments in the 
introgressed DH population 
 
All sequenced fragments were used to perform BlastN analysis 
against the B. rapa cDNA database (E ≤ 1.0 × e-20) to judge 
whether these fragments were located in coding sequences. 
Abnormal SSRs were then compared with parental SSRs 
amplified by the same primer pair within coding sequences (47 
primer pairs), and Blast2Go analysis of SSR variants used to 
determine putative effects on gene function. We found that 
while no SSR variants led to premature termination of the 
protein, 62.5% of SSR variants resulted in a frameshift 
mutation. In the remaining SSR variants, a deletion (25%) or 
insertion (12.5%) mutation resulted in a minor amino acid change 
 
 
Fig 5. Number of SSRs of different total lengths (bp) detected 
in an introgressed population of B. napus. 
 
without a change in protein composition. Blast2Go analysis 
told us that 75.0% of the SSR variants could result in changes 
in gene function, particularly the frameshift mutants. From this 
analysis, 198 SSR fragments (74.4%) were putatively involved 
in biological processes, 80 fragments (30.1%) had putative 
molecular functionality, and 150 fragments (56.4%) were 
putatively expressed in various cellular components. 
The variant fragments harboring SSR variants within coding 
regions were involved in diverse biological processes (Fig 6a). 
Most fragments (44.2%) were related to metabolic processes, 
which included protein metabolic processes (7.3%) and DNA 
metabolic processes (6.3%) as well as other metabolic 
processes (33.3%). In addition, 8.3% of the fragments were 
involved in the regulation of metabolic processes, whereas 
7.3% of the fragments participated in gene expression and 4.2% 
played a role in the regulation of gene expression. Other 
fragments were associated with other important biological 
processes, such as developmental processes (7.3%), 
reproduction (0.52%), and transcription (0.52%). For instance, 
the novel fragment Y66F145-7 was associated with the AP2 
domain transcription factor, which could affect the 
transcription of the AP2 gene and hence influence seed mass 
and seed yield (Jofuku et al. 2005). Some of the parental and 
abnormal fragments were associated with responses to stimulus 
(4.2%), such as the parental fragment cen39F196-3 and 
eliminated fragments cen39F197-5 and cen39F197-7 which 
may be related to Fusarium oxysporum resistance. 
A high proportion of fragments harboring SSR variants 
within coding regions were involved in transferase (21.3%), 
indicating that important molecular functions, such as 
methyltransferase activity (the eliminated fragments A9F7-2, 
A9F8-2, A9F8-2 and A9F7-5 were related to histone 
methyltransferase) and the activation of retrotransposons (the 
eliminated fragments Y34F121-1 and Y34F121-2 were 
associated with the retroelement pol polyprotein), frequently 
occurred during the process of hybridization. Other common 
molecular activities of mutated fragments included catalytic  
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Table 6. Mean genetic distance (± SD) analysis of SSR-containing sequences in an introgressed DH population of B. napus. 
Regions Overall mean 
distance 
Within groups Between 
groups 
Net between 
Groups Natural group New group 
Flanking 2.60 ± 8.44 0.78 ± 1.59 0.06 ± 0.12 0.83 ± 1.73 0.41 ± 0.96 
SSR 1.25 ± 4.86 6.30 ± 12.54 0.00 ± 0.00 4.65 ± 9.26 1.50 ± 2.99 
Note: SD= standard deviation. The SSR motifs and flanking sequences of sequenced fragment were exacted. The genetic distances 
among SSR motifs and among the flanking sequences were calculated by MEGA 4 (Tamura et al. 2007) with the parameters set to 
the default values.  
 
activity (15.0%), transporter activity (11.3%) (eliminated 
fragment Y34F123-8 was related to a potassium channel-like 
protein), kinase activity (8.8%), transcription factor activity 
(1.3%), and transcription regulator activity (1.3%) (Fig 6b). In 
addition, binding activities for macromolecules and 
micromolecules were poorly represented in general, but nucleic 
acid binding and ion binding activities were relatively well 
represented (6.3% and 5.0% respectively).  
Analysis of the subcellular localization of the mutated 
fragments within coding regions showed that 11.0% of the 
mutated fragments were putatively expressed in the cytoplasm, 
4.8% in the mitochondria, 3.2% in the cell wall, 3.2% in 
membranes, 2.0% in the nucleus, 0.4% in the vacuole, and the 
remainder in other cellular components (47.0%) or other 
organelles (29.0%) (Fig 6c). Overall, in the introgressed DH 
population, alterations (emergence of novel fragments or 
elimination of fragments) appeared to lead to functional 
alternation of many genes, which is likely a mechanism of 
species adaptability through generation of post-hybridization 
variation. 
 
Discussion 
 
Interspecific hybridization is an important avenue for 
speciation and for genetic exchange between different species. 
Interspecific hybridization can induce major variation in 
genome sequences, including already mutation-prone SSR 
tracts (Tang et al., 2009). However, the characteristics of SSR 
variation induced by interspecific hybridization and the 
possible effects of SSR variation on gene function are not well 
understood. In this study, we found that novel SSR variants 
were consistently generated in both the F1 generation and in the 
introgressed DH population, whereas the frequency of 
SSR-containing sequence elimination sharply increased from 
the F1 hybrid generation to the introgressed DH population. 
Novel and eliminated fragments were unevenly distributed on 
chromosomes of B. rapa and B. oleracea, with the most novel 
fragments mapped to A1, A3 and A9, and the most eliminated 
fragments mapped to A7. SSR variation comprised mostly 
variation in repeat number, and varied as a result of nucleotide 
composition of the SSR motifs, with SSR flanking regions 
showing less variation. In the introgressed DH population, the 
genic sequences containing SSRs most commonly showed 
frameshift mutations, followed by deletion or insertion 
mutations. Most genes harboring SSR variants were related to 
key metabolic processes, such as protein or DNA metabolic 
processes. Hybridization induced a higher degree of SSR 
variation than natural pressure. These results help us to 
understand factors affecting SSR variation and the role of SSR 
mutation in interspecific hybridization. 
 
Why interspecific hybridization can easily induce sequence 
variants 
 
The elimination of many SSR fragments, as well as the 
appearance of novel SSR fragments, was detected in the F1 hybrids 
 
 
Fig 6. Putative functional annotation of mutated SSRs detected 
in an introgressed DH population of B. napus with respect to 
(a) biological process, (b) molecular function, and (c) cellular 
component localization by Blast 2GO. 
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 and in the DH population derived from hybridization between 
natural B. napus and resynthesized B. napus. These results 
were consistent with previous results of genomic change during 
interspecific hybridization detected using RFLP (Sharpe et al., 
1995; Udall, 2003) and other markers (Szadkowski et al., 2010; 
Szadkowski et al., 2011). Hybridization between genetically 
distant species can induce substantial SSR variation (Tang et al., 
2009). Similarly, rapid induced variation of tandem repeats, 
regulatory elements, and promoter regions has also been 
observed during interspecific hybridization between wheat and 
rye (Tang et al., 2008).  
During the interspecific hybridization analyzed here, the 
elimination of sequences was observed more frequently than 
the appearance of novel sequences (42.8% vs. 8.1%), which 
was consistent with the results of studies in other species (Chen 
and Ni, 2006; Shaked et al., 2001). The rapid elimination of 
sequences is a general phenomenon in newly resynthesized 
allopolyploids of Aegilops, B. napus and Triticum (Gaeta and 
Chris Pires, 2010; Ma and Gustafson, 2008; Shaked et al., 2001; 
Sharpe et al., 1995; Szadkowski et al., 2010; Szadkowski et al., 
2011; Udall, 2003). 
So how does interspecific hybridization induce sequence 
variants? Interspecific hybridization has long been known to 
result in non-homologous recombination, which can easily 
result in chromosome rearrangements (inversions, 
translocations, duplications etc.) (Chen and Ni, 2006; Cheung 
et al., 2009; Gaeta and Chris Pires, 2010; Salmon et al., 2010; 
Szadkowski et al., 2010). Genetic control of non-homologous 
recombination is known to be poor in Brassica interspecific 
hybrids (Nicolas et al., 2009; Sharpe et al., 1995 Szadkowski et 
al., 2010; Udall, 2003). Hence, elimination of SSR alleles in 
our study is predicted to be due to chromosome fragment loss 
resulting from non-homologous recombination (putatively 
homoeologous recombination) (Gaeta and Chris Pires, 2010; 
Gaeta et al., 2007; Nicolas et al., 2007; Nicolas et al., 2009; 
Sharpe et al., 1995; Szadkowski et al., 2010; Szadkowski et al., 
2011; Udall, 2003; Xiong and Pires, 2011). The mapping of 
SSR variants to the released B. rapa and B. oleracea genome 
sequence supports non-homologous recombination as the 
primary mechanism of sequence loss in our study.  
Sequence elimination can also occur as a result of 
interspecific hybridization inducing transposon activations or 
bursts (Chen and Ni, 2006; Michalak, 2009; Parisod et al., 2009; 
Yaakov and Kashkush, 2011): the imprecise excision of 
transposable elements may cause excision of flanking 
sequences and subsequent loss of sequences (Chen and Ni, 
2006; Huang et al., 2012; Wessler, 1988). Illegitimate 
recombination initiated by crossing over between two direct 
repeat sequences on the same monomer may also result in 
elimination of the sequences between the two repeats (circle 
excision and subsequent fragment loss) (Ozkan et al., 2001; 
Shaked et al., 2001). 
Confounding factors that may contribute to novel and 
eliminated SSRs observed in this study include PCR artifacts 
and gene conversion. Chimeric PCR amplification products are 
generated from fusion of two partially homologous templates in 
one reaction, and this may occur as a result of PCR 
amplification of duplicated/homoeologous loci. In 
allotetraploid cotton (Gossypium hirsutum), 31.1% on average 
(0% - 89%) of products are affected by this mechanism (Cronn 
et al., 2002). Missing alleles may also result from competition 
for PCR amplification between different parental sequences 
present in a single amplification reaction (Cronn et al., 2002). 
Gene conversion between homoalleles may also induce 
sequence elimination of one allele. Gene conversion is a mode 
of genetic recombination in which one allele sequence replaces 
the homologous allele sequence, leading to loss of 
heterozygosity. This phenomenon was classically documented 
for homologous chromosomes but can also occur between 
homoeologous sequences in allopolyploids (Gaeta and Chris 
Pires, 2010; Salmon et al., 2010).  
Finally, the frequent observation of eliminated bands in our 
study could be a result of one primer of the primer pair binding 
to a rearranged region, and the other primer binding to the 
original locus. If this happens, it is likely that no PCR products 
will be generated.  
 
SSR variants can enable the development of new highly 
polymorphic SSR markers 
  
In this study, the degree of SSR variation that was induced by 
genetically distant hybridization depended on the nucleotide 
composition of the SSR motif and the motif type. These 
conclusions are consistent with previous findings that SSR 
variation depends on the flanking sequence of the SSR, 
together with the number of repeat units, base substitutions, and 
Indels within repetitive and non-repetitive segments (Ellegren, 
2000; Huang et al., 2012; Vigouroux et al., 2002). 
With respect to induced SSR variants, SSRs that contained 
dinucleotide motifs mutated more readily than SSRs that 
contained trinucleotide motifs, whereas the opposite was true 
for natural variants in this study. We found that AT motifs were 
the most abundant, followed by TA and TGA motifs, among all 
the SSRs investigated in the DH population. In contrast, CCG 
repeats were found to be the most prevalent in the rice genome 
(Roorkiwal et al., 2009) whereas (GA)n and (TC)n were the 
most abundant in tea (Sharma et al., 2009) and (AT)n, (ATT)n, 
and (AAAT)n were the most abundant motifs in soybean (Song 
et al., 2010). In humans, the mutation rates in microsatellite 
loci that do not cause disease are lower for dinucleotide-motif 
SSRs, higher for trinucleotide-motif SSRs, and even higher for 
tetranucleotide-motif SSRs, whereas in SSRs that do cause 
disease, trinucleotide-motif SSRs have 3.9 - 6.9 times higher 
mutation rates than tetranucleotide-motif SSRs (Chakraborty et 
al., 1997). In any given species, some types of SSRs will be 
more prevalent than other types of SSRs. This suggests that 
certain types of SSRs may mutate more readily and spread 
across the genome of a particular species. Identification of 
these highly variable SSR types in different species might assist 
in the efficient design of highly polymorphic SSR markers. For 
instance, SSRs that contained AT, TA, or TGA motifs tended 
to mutate more readily than other SSRs in our study, and hence 
SSRs that contain AT and TA-rich motifs might generate more 
polymorphic markers in Brassica. With this new knowledge, it 
might be possible to avoid blind selection of SSRs and hence 
reduce associated screening costs and increase efficiency. 
Compared to the traditional method of SSR marker 
development (probe hybridization), development of SSR 
markers “in silico” from sequence data, especially from coding 
sequences, ESTs, unigenes or PUTs (Plant genomedatabase 
assembled unique transcripts) as in this study, is simple, less 
time-consuming and more informative (Iniguez-Luy et al., 
2008). 
 
Materials and Methods 
 
Plant materials 
  
Fig 7 displays the origin of an introgressed DH population. The 
resynthesized B. napus (ArArCoCo, 2n=4x=38) was obtained 
from an interspecific cross between B. rapa (ArAr, 2n=2x=20) 
and B. oleracea var. acephala (CoCo, 2n=2x=18). This 
resynthesized B. napus was crossed with natural B. napus 
(AnAnCnCn, 2n=4x=38). Microspores from four hybrid F1 plants  
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Fig 7. The origins of the introgressed B. napus DH population. An interspecific cross between B. rapa “Xishui Youcaibai” (ArAr, 
2n=2x=20), a local seed-harvested double-haploid (DH) variety, and B. oleracea var. acephala (code M878) (CoCo, 2n=2x=18) 
which is a local yellow-seeded and horticulture-based DH variety, was obtained and subjected to chromosome doubling to produce 
the resynthesized B. napus (ArArCoCo, 2n=4X=38) (code R029). This resynthesized B. napus was crossed with natural B. napus 
(AnAnCnCn, 2n=4x=38) (a DH line from a semi-winter cultivar Chuanyou 22, code N089). Microspores from four hybrid F1 (codes 
H1, H6, H10 and H11) were then used for microspore culture with colchicine-induced chromosome doubling to generate an 
introgressed population with 112 lines. 
 
(codes H1, H6, H10 and H11) were used for microspore culture 
with colchicine-induced chromosome doubling to generate the 
introgressed population. Resynthesized B. napus with a 
chromosomal number of 38 were selected after testing by 
cytological observation according to the method of Li et al. 
(1995) and Huang et al (2012). DNA from the introgressed 
population, the F1 hybrids, and the parental lines, resynthesized 
B. napus (code R029) and natural B. napus (code N089), was 
analyzed to detect SSR variants. The introgressed DH 
population and their parental lines were grown in 2010 in the 
field at Xiema, located in Beibei, Chongqing, China.  
 
Primer design 
  
We screened 647 SSR primer pairs to detect polymorphic loci. 
Of these, 191 out of 314 SSR primer pairs came from the B. 
rapa genome (entitled ‘H+code number’) 
(http://www.brassica-rapa.org). In addition, 456 SSR loci were 
identified and appropriate primer pairs were designed by using 
the SSR Locator software (http://www.ufpel.tche.br/faem/ 
fitotecnia/fitomelhoramento /faleconosco.html) (Da Maia et al., 
2008). These primers included 38 pairs that were specific to 
centromeric regions (entitled ‘Cen+code number’), 314 primer 
pairs that were designed from B. rapa genomic sequences 
available from the NCBI (The National Center for 
Biotechnology Information) (entitled ‘A+code number’), and 
104 primer pairs that amplified loci within seed-yield-specific 
genes (entitled ‘Y+code number’). Primer sequences are 
provided in the Supplementary Table 3. 
 
PCR amplification 
 
All 647 SSR primer pairs were screened in resynthesized B. 
napus and the two parents to detect polymorphic loci. Of the 
647 SSR primer pairs, 47 primer pairs amplified polymorphic 
alleles. Details of these primers are listed in the Supplementary 
Data (Supplemental Table 1). 
 
The PCR reaction mix used to amplify the SSR regions 
contained 0.02 mmol L-1  dNTPs, 0.5 U of Taq DNA 
polymerase, 75 ng of template DNA, 5 mmol L-1 each SSR 
primer pair, and 1× DNA polymerase buffer (10 mM Tris pH 
9.0, 50 mM KCl, and 1.5 mM MgCl2). Touchdown PCR 
amplification was conducted with the following thermal 
profile: initial denaturation at 94°C for 5 minutes; 5 cycles of 
30 s at 94°C, 45 s at 61°C with a decrease of 1°C per cycle, and 
1 minute at 72°C; 26 cycles of 30 s at 94°C, 45 s at 57°C, and 1 
minute at 72°C; and a final extension at 72°C for 10 minutes.  
The PCR products were separated on 6% denaturing 
acrylamide gels and abnormal bands (bands that showed 
discrepancies between parents and progeny) were identified. 
Abnormal bands (the bands amplified in the DH population that 
were different from the bands amplified in the parents) were 
classified into eliminated bands, which were present in the 
parents but not in the DH lines, and novel bands, which were 
present in the DH lines but not in the parents. Bands present in 
both the parent cultivars and in the DH lines are hereafter 
referred to as “parental” bands and they were sequenced when 
abnormal bands occurred. All these bands were amplified 
repeatedly (eight times) to ensure that the abnormal bands 
really existed in the genome. The sequences of the 47 primer 
pairs that amplified abnormal bands are available in 
Supplementary Table 3, and the name and motif composition of 
each SSR locus is shown in Supplementary Table 2.  
 
Sequencing and sequence analysis 
  
Both the “abnormal” bands and the parental bands were cut out 
of the 6% denaturing acrylamide gel, 20 µL of deionized water 
was added and the gel slices incubated at 95°C for 10 minutes. 
The resulting supernatant was transferred to a PCR reaction 
mix for amplification with the original primers using the same 
PCR program described above. The PCR products were 
separated on 6% denaturing acrylamide gels and identified as 
target or non-target fragments. If the desired fragment was 
obtained, it was ligated into the vector pMD18-T (TaKaRa) and 
transformed into Escherichia coli. Positive clones were 
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selected for sequencing. The 264 sequences have been 
submitted to NCBI and the corresponding GenBank accession 
numbers ranged from JX131017 to JX131280. The software 
MEGA 4 (Tamura et al., 2007) was used to detect the 
nucleotide composition of the fragments, together with the 
genetic distance and transversion and transition ratios. DnaSP 
v5 (Librado PaR, 2009 ) was used to analyze the nucleotide 
diversity and Indel events in the sequenced fragments with the 
parameters set to the default values. 
  
Detection of SSRs in the genome of introgressed B. napus 
 
Simple sequence repeats (SSRs) were detected in the 
sequenced fragments by using the SSR Locator software 
(http://www.ufpel.tche.br/faem/fitotecnia/fitomelhoramento/fal
econosco.html) (Da Maia et al., 2008) with the parameters set 
to the default values. All detected SSRs were classified into 
different types on the basis of the composition of their motif 
units and their flanking sequences.  
For each particular SSR variant detected in the introgressed 
DH population, its corresponding repeat number, size of motif 
(motif type), total SSR length and frequency of SSR variants 
was determined. The data of all these SSR variants was 
collected to become a data array for a correlation analysis.  
 
Chromosomal localization 
 
The sequences of the abnormal and parental fragments obtained 
from the introgressed population were used as queries to 
perform a BlastN search against the B. rapa and B. oleracea 
DNA databases (http://brassicadb.org/brad/). Sequences with 
the highest scores and E values less than 10–10 were selected for 
in silico mapping onto B. rapa chromosomes (n=10) (Schranz 
et al., 2006) and B. oleracea chromosomes (n=9) (Panjabi et al., 
2008; Xiong and Pires, 2011). After mapping, the chromosomal 
locations were drawn using the linDNA (linear map of DNA 
constructs) program of the Jemboss software, with the 
parameters set to default values (Rice et al., 2000). We 
determined the relationships of Brassica homoeologous 
chromosomes and blocks based on Parkin et al. (2003) and 
Panjabi et al. (2008). We combined the results of in silico 
mapping of sequences of bands amplified by a single primer 
pair with the results of Brassica homoeologous chromosomes 
and blocks to determine if bands were allelic (present on 
homologous chromosomes), homoeo-allelic (present on 
homoeologous chromosomes) or if they originated from 
non-hom(oe)ologous chromosomes.  
 
Analysis of putative gene function 
  
To determine whether these fragments were located in coding 
sequences, we used the sequenced fragments to perform BlastN 
analysis against the B. rapa and B. oleracea cDNA databases 
(E ≤ 1.0 × e-20). Fragments located in coding regions were 
selected to conduct further analysis. We compared novel SSRs 
with amplified parental SSRs and translated to protein 
sequences using Jemboss (Rice et al., 2000). Multiple 
alignments of translated amino acids were carried out with 
ClustalW to analyze the structural variation of the SSR 
variants. In addition, functional changes were detected by 
Blastp analysis (E ≤ 1.0 × e-10) in NCBI 
(http://blast.ncbi.nlm.nih.gov/). The putative functions of these 
abnormal sequences and corresponding parental sequences 
were analyzed by using Blast2GO (Conesa and Gotz, 2008) 
(www.hindawi.com/journals/ijpg/2008/619832.html) in order 
to investigate the potential role of the SSR variants. Putative 
functions were categorized by biological process involved, 
molecular functionality and cellular component localization. 
 
Conclusions 
  
In conclusion, interspecific hybridization induced extensive 
SSR variation. The SSR variants observed mainly comprised 
repeat number variants, followed by variants with transitions or 
transversions within the SSR motif, or variants with insertions 
or deletions within the SSR flanking sequences. Most mutated 
SSRs within coding regions were associated with vital 
metabolic processes, indicating that SSR mutations can affect 
gene function and the regulation of gene expression, which 
may be a means of increasing genome variation in organisms as 
an adaptive mechanism of species evolution. Analyses of SSR 
variants induced by interspecific hybridization could prove 
beneficial in understanding SSR origins and the effect of 
mutated SSRs on polyploid genomes, thereby enabling the 
efficient design of highly polymorphic SSR markers. 
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